Introduction {#sec1-1}
============

Since the mid-20^th^ century, great progress has been achieved in the survival rates of children with cancer, owing to the development of chemotherapeutic agents. Doxorubicin is one of the strong antineoplastic agents that are often used in clinics. However, its use is limited due to its significant cardiotoxic side effects. Cardiotoxicity leads to additional morbidity and mortality risk for patients ([@ref1]). Most patients are likely to have more cardiovascular mortality risk compared with tumor recurrence when treated with doxorubicin. The odds of heart disease-related mortality are eight-fold higher in patients who survived pediatric cancer ([@ref2], [@ref3]). More than 7.5% of patients who receive 250 mg/m^2^ anthracycline develop congestive heart failure 30 years after chemotherapy ([@ref4]). A detailed cardiac evaluation of children who received anthracycline treatment shows anomalies including decreased left ventricle mass and wall thickness, increased left ventricle afterload, and decreased left ventricle contractility in more than half of the children ([@ref5]).

Among the protective prevention strategies against doxorubicin cardiotoxicity, the development of cardioprotective agents is still popular. For this purpose, experimental studies have provided evidence that various pharmacological agents have protective effects against doxorubicin cardiotoxicity ([@ref1]).

Metformin is an oral antihyperglycemic drug that is used in type 2 diabetic patients. It has been reported to be cardioprotective in addition to decreasing basal and postprandial glucose levels, helping weight loss, and decreasing plasma lipid levels. Experimental animal models of isolated myocardial infarction and heart failure have shown that metformin increases the tolerance of the myocardium to ischemia-reperfusion injury, and decreases the development of heart failure after infarction ([@ref6], [@ref7]). The aim of the present work was to investigate whether the metformin is able to reduce the cardiotoxic doxorubicin effects.

Methods {#sec1-2}
=======

Animals {#sec2-1}
-------

Forty male, 10-week-old Wistar albino rats (weight: 150-210 g) were used in the study. The rats were stored at 25°C room temperature under a 12/12 light/dark cycle, with ad libitum access to water and a standard diet. This study was approved by Erciyes University animal experiments local ethics committee. The experimental model was established in the Experimental Studies Applied Research Center.

Experimental study design {#sec2-2}
-------------------------

In this study, doxorubicin and metformin treatment regimen were adopted on the basis of the study by Ashour et al. ([@ref8]). The control group (n=10) received saline solution (twice a week, 2.5 mL/kg, four doses) intraperitoneally. The doxorubicin group received doxorubicin (4 mg/kg, twice a week, cumulative dose: 16 mg/kg) intraperitoneally. The metformin group received metformin (250 mg/kg/day, every day for 14 days) with gavage. The doxorubicin + metformin group received doxorubicin (4 mg/kg, twice a week, cumulative dose: 16 mg/kg) intraperitoneally and metformin (250 mg/kg/day, for 14 days, starting three days prior to doxorubicin treatment) orally with gavage.

Evaluation of left ventricular systolic function by M-mode echocardiography {#sec2-3}
---------------------------------------------------------------------------

The rats were anesthetized (xylazine and ketamine) 24 hours after the last dose of doxorubicin. The chest was shaved, and the animals were positioned on their left side. Diastolic interventricular septum thickness (IVSTd), left ventricular end-diastolic diameter (LVEDD), diastolic left ventricular posterior wall thickness (LVPWTd), and systolic interventricular septum thickness (IVSTs), left ventricular end-systolic diameter (LVESD), systolic left ventricular posterior wall thickness (LVPWTs) were measured with the M-mode echocardiographic method using a GE Vivid 7 with 10 S transducer (GE Medical Systems, Horten, Norway) by a sample-blinded investigator. Ejection fraction (EF) and fractional shortening (FS) parameters were obtained using the automatic calculation of the echocardiography device.

Serum and tissue samples collection {#sec2-4}
-----------------------------------

The animals' abdominal skin was cut under anesthesia. Five mL blood samples were collected from the inferior vena cava. The rats were sacrificed after taking the blood samples. A portion of the heart tissue was fixed in 4% of formaldehyde for histological examinations. The remaining portion was stored at -80°C for enzyme-linked immunosorbent assay (ELISA) analyses.

Serum brain natriuretic peptide (BNP) measurement {#sec2-5}
-------------------------------------------------

Serum BNP levels were measured by using a Rat BNP ELISA Kit (sensitivity: 1.445 ng/L and 2-400 ng/L; Shanghai Sunred Biological Technology Co., Ltd, Shanghai, China). Standards were prepared according to the manufacturer's instructions. First, standards were added to a well plate. Next, samples and BNP antibody were added. Afterwards, streptavidin-HRP was added to the wells, and the plate was incubated at 37°C for 60 minutes. Chromogen solution A and B were added, and the plate was incubated at 37°C for 10 minutes. Stop solution was added, and optical density was measured at 450 nm within 15 minutes.

Serum C-type natriuretic peptide (CNP) measurement {#sec2-6}
--------------------------------------------------

Serum CNP levels were measured using a Rat CNP ELISA Kit (sensitivity: 2.572 ng/L and 3-900 ng/L; Shanghai Sunred Biological Technology Co., Ltd, Shanghai, China). Standards were prepared according to the manufacturer's instructions. First, standards were added to a well plate. Next, samples and CNP antibody were added. Streptavidin-HRP was subsequently added to the wells, and the plate was incubated at 37°C for 60 minutes. Chromogen solution A and B were added, and the plate was incubated at 37°C for 10 minutes. Stop solution was added, and optical density was measured at 450 nm within 15 minutes.

Heart tissue catalase activity {#sec2-7}
------------------------------

Catalase activity was measured in the heart tissue homogenate at 25°C by using a Rat Catalase Kit (sensitivity: 2-35 nmoL/min/mL; Cayman Chemical Company, Ann Arbor, Michigan, USA) according to the manufacturer's instructions. A well plate was divided into different parts as follows: formaldehyde standard, positive control, and sample. Thereafter, experimental buffer, methanol, and standard were added to each well in the formaldehyde standard group. Experimental buffer, methanol, and catalase were added into the positive control well. Experimental buffer, methanol, and sample were added to the sample wells. The reaction was started after diluted hydrogen peroxide was added to all wells. The plate cover was closed, and the plate was incubated at room temperature for 20 minutes. Potassium hydroxide was added to each well in order to terminate the reaction, and catalase was added. The plate cover was closed and the plate was incubated at room temperature for 10 minutes. The plate was then incubated at room temperature for five minutes after the addition of catalase potassium periodate. Absorbance was measured at 540 nm on a plate reader.

Heart tissue superoxide dismutase activity {#sec2-8}
------------------------------------------

Superoxide dismutase (SOD) activity was measured by using a Rat Superoxide Dismutase Kit (sensitivity: 0.025-0.25 unit/mL; Cayman Chemical Company, Ann Arbor, Michigan, USA). Diluted radical detector and standard were added to each well reserved for SOD Standards according to the manufacturer's instructions. Diluted radical detector and sample were added to the wells reserved for samples. The reaction was started after diluted xanthine oxidase was added to all wells. The plate was carefully shaken to allow mixing and the plate cover was closed. It was the incubated at room temperature for 20 minutes. Absorbance was measured at 440-460 nm on a plate reader.

Heart tissue glutathione peroxidase activity {#sec2-9}
--------------------------------------------

Glutathione peroxidase (GPx) activity was measured using a Rat Glutathione Peroxidase Kit ranging between 50-344 nmoL/min/mL (Cayman Chemical Company, Ann Arbor, Michigan, USA). According to the manufacturer's instructions, experimental buffer and co-substrate mixture were added to the non-enzymatic wells; experimental buffer, co-substrate mixture, and diluted glutathione peroxidase were added to the positive control wells; experimental buffer, co-substrate mixture, and sample were added to the sample wells. The reaction was started after hydroperoxide was added. The plate was carefully shaken to allow mixing. Absorbance was measured at 340 nm on a plate reader.

Tumor necrosis factor-alpha activity in heart tissue {#sec2-10}
----------------------------------------------------

Tumor necrosis factor-alpha (TNF-alpha) activity was measured using a Rat TNF Alfa Kit with a minimum sensitivity of \<4 pg/mL (Invitrogen Corporation, Camarillo, USA). According to the manufacturer's instructions, standards were prepared and added to the wells. Next, samples were added to the wells. The plate cover was closed, and the plate was incubated at room temperature for two hours. It was washed in an automatic washer. Biotinylated Rt-TNF-alpha biotin conjugate solution was then added to the plate, and it was incubated at room temperature for one hour. Re-washed tissues were incubated at room temperature for 30 minutes after added streptavidin-HRP solution. Next, stabilized chromogen was added. The plate was incubated at room temperature in the dark for 30 minutes. Stopping solution was added. Absorbance was read at 450 nm.

Histological evaluation {#sec2-11}
-----------------------

Tissue samples were fixed with a 4% formaldehyde solution, placed in fixation solution for 48 hours, and in water for one night. Next, the samples were dehydrated by passing through increasing concentrations of alcohol, cleared by passing through xylol, and finally embedded in paraffin blocks. Five µm sections were cut from the paraffin blocks and these were the placed on poly-lysine coated slides. Standard histological methods (xylol) were used to remove the paraffin, and the samples were passed through a gradual alcohol series and hydrated. Hematoxylin-eosin (H&E) staining was used to demonstrate the general histological structure.

TUNEL method {#sec2-12}
------------

Apoptosis in heart tissue was investigated by TUNEL method, which provides detection of deoxyribonucleic acid fragments in situ. An *in situ* Cell Death Detection Kit, ''Fluorescein" (Roche Diagnostics GmbH, Penzberg, Germany) was used for this purpose. Heart tissues (5-6 µm) were deparaffinized and rehydrated, then washed with phosphate buffered saline. After being washed, the heart tissues were stored in sodium citrate buffer in a microwave at 350 W for 5 minutes for antigen recovery. They were left to cool at room temperature for 20 minutes. Tissues were washed with phosphate buffered saline, and incubated with the TUNEL reaction mixture at 37°C in a dark, humid environment for 60 minutes. Tissue samples were washed with phosphate buffered saline, and counterstained with 4,6-diamidine-2¢-phenylindole. The samples were then covered with a mounting solution (glycerol) and examined at 450-500 nm wavelength under a fluorescent microscope (Olympus BX-51). For each section, images were acquired from 10 different sections at 40´ magnification. Apoptotic cell number and total cell number were determined in each section. Apoptotic cell number/total cell number percentage was taken as the apoptotic index.

Statistical analysis {#sec2-13}
--------------------

Data was analyzed by IBM SPSS Statistics 22.0 statistical programme (IBM Corporation, New York, USA). The assumptions of equality of variances and normal distribution were checked for all variables (Shapiro-Wilk test and Q-Q graphics). To identify intergroup differences, one-way variant analysis or the Kruskal-Wallis test was used. A p\<0.05 value was accepted as statistically significant.

Results {#sec1-3}
=======

Echocardiographic evaluation of left ventricular function {#sec2-14}
---------------------------------------------------------

Regarding left ventricular functions, the decrease in IVSTs, EF, and FS values and the increase in LVESD were significant in the doxorubicin group compared with that in the control group (p\<0.05). The cardioprotective effect of metformin against left ventricular systolic dysfunction was observed in the doxorubicin + metformin group ([Table 1](#T1){ref-type="table"}).

###### 

Echocardiographic evaluation of left ventricular function in the control, doxorubicin, metformin, and doxorubicin + metformin groups

  -----------------------------------------------------------------------------------------------------------------------------------------------------------
                                                        Control (n=10)     DOX (n=10)                                   MET (n=10)         DOX + MET (n=9)
  ----------------------------------------------------- ------------------ -------------------------------------------- ------------------ ------------------
  LVEDD, cm\                                            0.57±0.06\         0.61±0.05\                                   0.55±0.09\         0.55±0.08\
  ^[\#](#t1f2){ref-type="table-fn"}^ median (25%-75%)   0.57 (0.50-0.61)   0.63 (0.59-0.64)                             0.53 (0.49-0.55)   0.55 (0.49-0.62)

  LVESD, cm                                             0.33±0.04          0.44±0.04[\*](#t1f1){ref-type="table-fn"}    0.34±0.08          0.35±0.05

  IVSTd, cm                                             0.12±0.02          0.11±0.01                                    0.13±0.03          0.12±0.01

  IVSTs, cm                                             0.19±0.01          0.15±0.01[\*](#t1f1){ref-type="table-fn"}    0.19±0.03          0.20±0.02

  EF (%)                                                77.76±4.95         60.92±9.25[\*](#t1f1){ref-type="table-fn"}   75.71±6.13         71.62±5.40

  FS (%)                                                41.32±4.47         28.76±6.16[\*](#t1f1){ref-type="table-fn"}   39.60±5.57         36.03±4.31
  -----------------------------------------------------------------------------------------------------------------------------------------------------------

DOX - doxorubicin group; MET - metformin group; DOX + MET-doxorubicin + metformin group. EF - ejection fraction; FS - fractional shortening; IVSTs - interventricular septum thickness in systole; IVSTd - interventricular septum thickness in diastole; LVEDD - left ventricle end-diastolic diameter; VESD - left ventricle end-systolic diameter. Data represent mean ± SD. n - number of rats.

indicates a significant difference compared to the control group, P\<0.05 one-way Variant analysis or

the Kruskal-Wallis test

One of the rats from the doxorubicin + metformin group died on the third day of the study during drug administration for the doxorubicin cardiotoxicity experimental model. This death was associated with a technical gavage error.

Serum BNP and CNP levels and catalase, SOD, GPx, and TNF-a levels in heart tissue {#sec2-15}
---------------------------------------------------------------------------------

There was no change in BNP levels with the relevant dose schema of doxorubicin. However, doxorubicin and doxorubicin + metformin group caused a significant decrease in CNP levels (p\<0.05) ([Table 2](#T2){ref-type="table"}).

###### 

BNP and CNP levels in control, doxorubicin, metformin and doxorubicin + metformin groups

              Control (n=10)   DOX (n=10)                                   MET (n=10)   DOX + MET (n=9)
  ----------- ---------------- -------------------------------------------- ------------ --------------------------------------------
  BNP, ng/L   29.49±6.27       28.50±4.50                                   33.43±5.70   34.65±7.40
  CNP, ng/L   38.06±3.74       29.21±5.81[\*](#t2f1){ref-type="table-fn"}   39.37±5.94   30.11±5.07[\*](#t2f1){ref-type="table-fn"}

DOX - doxorubicin group; MET - metformin group; DOX + MET-doxorubicin + metformin group. BNP - brain natriuretic peptide; CNP-C - type natriuretic peptide. Data represent mean ± SD. n - number of rats

indicates a significant difference compared to the control group, P\<0.05 one-way Variant analysis

Doxorubicin treatment did not cause a significant difference in catalase, SOD, GPx, or TNF-a levels in the heart tissue ([Table 3](#T3){ref-type="table"}).

###### 

Catalase, SOD, GPx, and TNF-α levels in the heart tissue in control, doxorubicin, metformin, and doxorubicin + metformin groups

                                                                  Control (n=10)     DOX (n=10)         MET (n=10)         DOX + MET (n=9)
  --------------------------------------------------------------- ------------------ ------------------ ------------------ ------------------
  Catalase, nmoL/mL                                               16.13±2.66         20.17±2.26         18.64±3.85         19.20±3.76
  SOD, IU/L ^[\#](#t3f1){ref-type="table-fn"}^ median (25%-75%)   0.30±0.04          0.27±0.06          0.30±0.06          0.27±0.09
                                                                  0.30 (0.30-0.31)   0.28 (0.21-0.34)   0.30 (0.28-0.36)   0.31 (0.20-0.36)
  GPx, nmoL/mL                                                    61.24±42.19        51.07±48.27        44.04±45.11        17.93±19.27
  TNF-alpha, pg/mL                                                112.4±49.43        150.82±53.05       121.95±38.22       124.81±26.08

DOX - doxorubicin group; MET - metformin group; DOX + MET-doxorubicin + metformin group. GPx - glutathione peroxidase; SOD - superoxide dismutase; TNF - alpha-tumor necrosis factor-alpha Data represent mean ± SD. n-number of animals. one-way Variant analysis or

the Kruskal-Wallis test

Histopathological evaluation by H&E staining of heart tissue {#sec2-16}
------------------------------------------------------------

The control group showed normal tissue ([Fig. 1a](#F1){ref-type="fig"}). During the light microscopic examination, doxorubicin was observed to cause organization disorder between myocardium muscle fibers, myofibril loss in some cells ([Fig. 1b](#F1){ref-type="fig"}). In the [Figure 1c](#F1){ref-type="fig"}, doxorubicin increased in eosinophilic staining in certain areas of the myocardium layer and intracytoplasmic vacuole formation, and congestive and hemorrhagic areas in some veins were detected in the [Figure 1d](#F1){ref-type="fig"}. The metformin group, histopathological examination with H&E staining showed normal tissue ([Fig. 1e](#F1){ref-type="fig"}), and the doxorubicin + metformin group revealed almost normal histologic heart tissue appearance ([Fig. 1f](#F1){ref-type="fig"}).

![a-f. H&E staining of heart tissue. (a) control group, (b-d) doxorubicin group, e) metformin group, f) doxorubicin + metformin group. The arrows show disorganization between myocardium muscle fibers, and loss of myofibrils in some cells, respectively. (\*) indicates the myocardium layer and intracytoplasmic vacuole formation](AJC-16-234-g001){#F1}

Apoptotic index {#sec2-17}
---------------

The apoptotic index increased in the doxorubicin group (0.71±0.27) compared with that of the control group (0.43±0.26) and the metformin group (0.35±0.08). However, it was not statistically significant. When the doxorubicin + metformin group (0.48±0.25) was compared with the doxorubicin group, cotreatment metformin reduced apoptosis. However, it was not statistically significant ([Fig. 2](#F2){ref-type="fig"}).

![a-d. Apoptotic cell nuclei (arrow) are represented with a green fluorescent signal, while other cells are represented with a blue fluorescent signal. (a-control group, b-doxorubicin group, c-metformin group, d-doxorubicin + metformin group)](AJC-16-234-g002){#F2}

Discussion {#sec1-4}
==========

Our data revealed that doxorubicin caused left ventricle systolic dysfunction and enlargement in the left ventricle cavity in rats. Metformin showed protective effects against left ventricle dysfunction caused by doxorubicin. In addition, doxorubicin caused histopathological changes in the myocardium and metformin protected the heart tissue from the histopathological changes caused by doxorubicin. Doxorubicin treatment caused an increase in the apoptotic index, although it was not statistically significant. Metformin application had cardioprotective effects against apoptosis on cardiomyocytes, although it was not statistically significant. Doxorubicin did not cause a significant change in serum BNP and catalase, superoxide dismutase, glutathione peroxidase, and TNF-a levels in the heart tissue. However, doxorubicin reduced serum CNP level and cotreatment with metformin did not prevent CNP level reduction.

It was reported that doxorubicin enters into cardiomyoctes by passive diffusion and stimulates the free radicals that cause cell damage. At the same time doxorubicin directly or indirectly inhibits gene transcription, mitochondrial function, and energy production ([@ref1]). Production of free radicals, enzymatic pathways, non-enzymatic pathways, and redox related damage caused by iron accumulation were suggested to be the responsible for cardiotoxicity. It was also suggested that the main factor was the negative disturbance of the balance between free oxygen radicals and antioxidant systems ([@ref9]).

Given that doxorubicin is a strong antineoplastic agent, it appears that it will continue to be used until strong chemotherapeutic agents with low side effects are developed. Thus, treatment strategies are being developed to prevent doxorubicin cardiotoxicity. Previous studies have shown that various pharmacological agents have protective effects against doxorubicin cardiotoxicity ([@ref1]).

Dexrazoxane is the only agent that has been proven to reduce acute antracycline cardiotoxicity in adults, and is recommended by the American Clinical Oncology Society to prevent cardiotoxicity in specific adult cancer treatment protocols ([@ref10]). However, some researchers are hesitant to use dexrazoxane as it can exert protective effects not only on cardiomyocytes, but also on cancer cells. Moreover, dexrazoxane has certain disadvantages including bone marrow toxicity and high cost ([@ref11]).

Metformin is commonly used as an oral antihyperglycemic drug in type 2 diabetes mellitus patients. In addition to its role in decreasing blood glucose levels, metformin also leads to weight loss, decreases plasma lipid levels, and prevents certain vascular complications ([@ref12]). Various studies have provided evidence that metformin has cardioprotective effects on myocardial ischemia in experimental animal models ([@ref13]-[@ref15]). It is hypothesized that metformin exerts cardioprotective effects during ischemia-reperfusion injury by reducing adenosine monophosphate. Adenosine monophosphate-activated protein kinase activation and activation of the phosphatidylinositol-3-kinase pathway by increased adenosine receptor stimulation lead to endothelial nitric oxide synthase phosphorylation. Endothelial nitric oxide synthase phosphorylation prevents the opening of the mitochondrial permeability transit pore during reperfusion. The inhibition of pore opening with the above-mentioned methods is suggested to increase the tolerance of the myocardium against ischemia and reperfusion ([@ref16], [@ref17]).

In the last few years, several studies regarding the cardioprotective role of metformin against the doxorubicine cardiotoxicity has been published ([@ref8], [@ref11]). Ashour et al. ([@ref8]) established a doxorubicin cardiotoxicity model in rats by administering doxorubicin (3 mg/kg, every second day, cumulative: 18 mg/kg) intraperitoneally for 11 days. The authors reported that oral administration of metformin (50 mg/kg and 500 mg/kg) eliminated biochemical and histopathological changes, thereby exerting a cardioprotective effect against doxorubicin cardiotoxicity. Asensio-Lopez et al. ([@ref18]) demonstrated that metformin protects cardiomyocytes from doxorubicin-induced damage and that the cardiac adiponectin system plays an important role in this protective action. In their study, Asensio-Lopez et al. ([@ref11]) reported that the protective effect of metformin against doxorubicin cardiotoxicity is exerted through the ferritin heavy chain, which has been identified as the major mediator. Kobashigawa et al. ([@ref19]) demonstrated that metformin has protective effect against doxorubicin cardiotoxicity through activation of 5-adenosine monophosphate-activated protein kinase in invitro study.

Early detection of doxorubicin cardiotoxicity can allow preventive measures to be taken before the development of irreversible damage. Thus, it is important to define cardiotoxic risk factors. Elevation of serum levels of cardiac troponin T ve NT Pro-BNP at the beginning of doxorubicin treatment was observed to predict clinical cardiotoxicity ([@ref20]-[@ref22]).

Although detecting the systolic dysfunction relatively late, the evaluation of left ventricle systolic functions and the measurement of left ventricle cavity diameter is a safe and commonly practiced method. These measurements allow determination of the effects of chemotherapy on myocardium performance and structure and enable monitoring due to its easy reproducibility ([@ref23]).

According to the study by Richard et al. ([@ref24]), echocardiographic examination of doxorubicin-treated rats showed a significant increase in left ventricle end-diastole diameter. Bertinchant et al. ([@ref25]) similarly reported that doxorubicin increases left ventricle end-diastole diameter in rats. Chen et al. ([@ref26]) reported that doxorubicin treatment in rats led to an increase in left ventricle end-diastole diameter and left ventricle end-systole diameter, and a decrease in EF and FS. In the present study, we observed an increase in both end-diastole and end-systole diameter, but only the latter was significant.

Natriuretic peptides play a critical role in a cardiovascular homeostasis by coordination of fluid/electrolyte balance and vascular tone. The natriuretic peptide family consists of three principal members: atrial natriuretic peptide (ANP), BNP, and CNP. ANP, BNP, and the amino terminal fragment of its precursor (NT-proBNP) are rapidly produced and secreted by the heart in response to atrial and ventricular distention as congestive heart failure ([@ref27], [@ref28]). These natriuretic peptides are also useful markers of left ventricular dysfunction in patients undergoing anthracycline chemotheraphy ([@ref29]). Hayakawa et al. ([@ref30]) reported that 34 children previously treated with anthracycline showed inverse correlation between ANP and BNP levels and cardiac systolic function. In the present study, serum BNP level did not change in comparison with the levels of control rats. Richard et al. ([@ref24]) used cumulative doxorubicin (10 mg/kg) administration in rats, and did not detect an increase in troponin I or BNP levels. Chen et al. ([@ref31]) reported that doxorubicin inhibits BNP gene expression in newborn rat myocytes. Bernardini et al. ([@ref32]) treated Wistar albino rats with single-dose (10 mg/kg) intravenous doxorubicin, and found a significant decrease in plasma atrial natriuretic peptide (ANP) levels 3-6 hours after drug administration. The authors also tested a chronic drug treatment regime (3 mg/kg, intravenous, single dose/week), and found a significant increase in plasma ANP levels 21 and 31 days after drug administration. The reason for this was interpreted as early suppression, which would reflect acute myocyte toxicity, and stimulation by subsequent heart failure.

On the other hand, CNP is primarily released by the vascular endothelial cells in addition to the heart, where it plays a role in the local regulation of vascular tone. Exogenous CNP is a potent arterial and venous dilator in mammalian blood vessels. CNP plasma level is increased in heart failure ([@ref33]). Positive effects of CNP on cardiac contractility have been described in several studies using experimental animal heart ([@ref34]). Furthermore, in vivo administration of CNP has been shown to have cardioprotective role after myocardial infarction in rats ([@ref35]). In the present study, cardioproventive yerine cardioprotective serum CNP level significantly decreased compared with those of control rats. Our study is the first one that evaluates CNP level in doxorubicin cardiotoxicity in an experimental rat model. We believe that similar to the reduction of ANP gene expression in acute phase in Chen et al. ([@ref31]) study, CNP serum levels decreased because of the early suppression of production and secretion.

We did not detect an increase in antioxidant enzyme levels in the current study. Similarly, Richard et al. ([@ref24]) did not detect a significant change in antioxidant enzyme levels, and the authors concluded that free radicals that were induced with anthracycline were inhibited by the endogenous antioxidant defense mechanism. However, Özdoğan et al. ([@ref36]) showed that superoxide dismutase, glutathione peroxidase, and catalase activities were depressed by doxorubicin. Ashour et al. ([@ref8]) established an experimental doxorubicin cardiotoxicity model in rats by cumulative 18 mg/kg intraperitoneal doxorubicin administration, and found an increase in serum LDH and CK-MB levels.

Chen et al. ([@ref26]) investigated the results of cumulative 15 mg doxorubicin treatment in an experimental rat model, and observed that two weeks after doxorubicin treatment, the histopathological examination of myocardial tissue showed myocyte degeneration, myocyte loss, myocyte atrophy, hypertrophy in residual myocytes, and an increase in interstitial fibrosis. Barçın et al. ([@ref37]) reported cytoplasmic vacuolization and myofibrillar loss in histopathological examination of myocardium by the application of cumulative 20 mg/kg doxorubicin treatment in an experimental rabbit model. In the current study, the histopathological findings caused by doxorubicin are similar to the results of the studies ([@ref22], [@ref37]).

Previous experimental animal models have reported different apoptotic indices \[Hou et al. ([@ref38]): 13.64±2.46; Chen et al. ([@ref26]): 0.93±0.08; Nakamura et al. ([@ref39]): 0.86±0.11; Fisher et al. ([@ref40]): 0.61±0.09)\]. The apoptotic index in the current study (0.71±0.27) is generally consistent with the literature. These findings suggest that cell death in doxorubicin cardiotoxicity not only occurs with apoptosis, but also through other mechanisms including necrosis and autophagy. Combination treatment of metformin and doxorubicin caused a decrease in apoptosis, although this decrease was not significant.

Study limitations {#sec2-18}
-----------------

The limitation of the current study is that biochemical and histopathological examinations were performed only one day after the last dose of doxorubicin; this prevented us from determining delayed cardiotoxicity, as well as the long-term cardioprotective effect of metformin.

Conclusion {#sec1-5}
==========

The current study provided experimental evidence that metformin has a protective effect against doxorubicin cardiotoxicity. Regarding rapid increase in the incidence of cancer around the world, it is important to consider the possible use of metformin to attenuate the doxorubicin cardiotoxicity; perhaps, it could be used as protective prevention strategy against doxorubicin cardiotoxicity in patients with cancer. However, further studies are required to investigate the long-term cardioprotective effect of metformin against doxorubicin cardiotoxicity.
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